DVB-T2 (second generation terrestrial digital video broadcasting) employs LDPC (Low Density Parity Check) codes combined with BCH (Bose-Chaudhuri-Hocquengham) codes, which has a better performance in comparison to convolutional and Reed-Solomon codes used in other OFDM-based DVB systems. However, the current FEC layer in the DVB-T2standard is still not optimal. In this paper, we propose a novel error correction scheme based on fountain codes for OFDM-based DVB systems. The key element in this new scheme is that only packets are processed by the receiver which has encountered high-energy channels. Others are discarded. To achieve a data rate of 9.5 Mbits/s, this new approach has a SNR gain of at least 10 dB with perfect channel knowledge and 11 dB with non-perfect channel knowledge in comparison to the current FEC layer in the DVB-T2standard. With a low-complexity interpolation-based channel estimation algorithm, opportunistic error correction offers us a QEF (Quasi Error Free) quality with a maximum DF (Doppler Frequency) of 40 Hz but the current DVB-T2 FEC layer can only provide a BER of 10 −7 quality after BCH decoding with a maximum DF of 20 Hz.
Introduction
Orthogonal Frequency Division Multiplexing (OFDM) [1] [2] [3] has recently been proposed as modulation technology for current Digital Video Broadcasting (DVB) standards (e.g. DVB-T [4] , DVB-T2 [5] , DVB-H [6] , etc.) [7] . Although OFDM enables a rather straightforward implementation of a wireless receiver, it cannot mitigate the effects of noise and interference encountered in the transmission of signal through the wireless channel [8, 9] . Therefore, error correction codes are required to achieve reliable communications [10] .
For a finite block length of data to be transmitted over a frequency selective channel, coding jointly over the sub-carriers yields a smaller error probability than that can be achieved by coding separately over the sub-carriers at the same rate [9] . This theory has been applied in practical OFDM-based wireless systems (e.g. IEEE 802.11a/n [11, 12] , DVB-T, DVB-T2, etc.). Let us take the DVB-T2 system as an example, source bits are encoded by Low Density Parity Check (LDPC) codes [13] [14] [15] together with Bose-Chaudhuri-Hocquengham (BCH) codes [5, 16] . An encoded packet is transmitted over all the sub-carriers like other DVB systems [4] [5] [6] . With the joint coding scheme [9] , however, it is not beforehand known whether the received packet is decodable or not due to the frequency selective characteristics of the wireless channel. In such a case, the receiver tries to decode all the packets, including the ones that cannot be decoded successfully. This may lead to a waste of processing power. Furthermore, the sub-band with the deepest fading, limits the level of the noise floor that can be endured by the system, as each part of the channel is considered to be equally important in the joint coding scheme. Thereore, we propose a novel error correction layer based on fountain codes for OFDM-based DVB systems which does not have this disadvantage.
In [17] , MacKay describes the encoder of a fountain coder as a metaphorical fountain that produces an unlimited number of encoded packets. Anyone who wishes to receive the source file holds a bucket under the fountain and collects enough packets. The original file can be reconstructed from the received packets. It does not matter which packet is received. The only requirement is to receive a certain number of packets [18] . In other words, fountain-encoded packets are independent to one another. This inspires us to reduce the Signal-to-Noise Ratio (SNR) requirement of the system by discarding some frequency bands of the wireless channel with deep fading. To achieve this, we encode a fountain-encoded packet with error correction codes at a relatively higher code rate and transmit it over a sub-band. By discarding some packets transmitted over the sub-bands with low energy, the noise floor can be increased and is not limited any more by the sub-band with the lowest energy.
For WLAN systems, a fountain-encoded packet can be transmitted over a single sub-carrier [19] . Multiple packets are transmitted simultaneously by using frequency division multiplexing. With this method, the receiver does not have to decode all the packets but only process the well-received packets whose SNR is higher than a threshold (i.e. corresponding to after decoding). The fountain decoder can recover the original file by only using surviving packets. In such a case, the processing power can be reduced with respect to the traditional joint coding scheme. In addition, this method not only saves the processing power but also gives better performance compared to the FEC layer used in the current WLAN system. With the same effective throughput (i.e. 21.6 Mbits/s), this new method offers us a SNR gain of 7.5 dB in comparison with the IEEE 802.11a system [19] . 5 
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  Unfortunately, these results cannot be applied directly in any OFDM-based DVB systems. In the 802.11a WLAN system, the channel is considered to be timeinvariant over a MAC frame. The transmission of each fountain-encoded packet in [19] is completed within a MAC frame. Hence, the channel over a fountain-encoded packet transmission can be considered as a time-invariant flat fading channel. However, this is not the case in the DVB system. The DVB transmission system should offer sufficient flexibility to allow the reception of the services at various velocities [20] . To avoid the effects of Doppler spread, we propose to transmit the fountain-encoded packets over a set of adjacent sub-carriers. We denote such a set of sub-carriers as a sub-band. The whole transmission band is divided into a number of sub-bands. Over each sub-band, one fountain-encoded packet is transmitted. The energy of each sub-band is considered equal to the lowest energy of the sub-carriers in its subband. If a packet is transmitted over a sub-band whose energy is higher than the threshold, it will be processed by the decoder otherwise it will be discarded. Correspondingly, the processing power is reduced assuming the power consumed in the SNR comparison is negligible.
In this paper, we propose a novel approach based on fountain codes for OFDM-based DVB systems. The main contribution of this paper is to investigate whether this new method can perform better (i.e. at a lower SNR) in DVB systems than the current FEC layer defined in the DVB-T2 standard. If so, this new error correction scheme offers us a higher data rate than the current DVB systems under the same channel condition.
The outline of this paper is as follows. Opportunistic error correction is first depicted where we explain the whole idea and why we choose such a transmission scheme. In Section 3, we describe the system model that shows how we apply this novel scheme in the DVB system. After that, we compare its performance with the FEC layer from the DVB-T2 system over a TU6 channel 1 [21] . The paper ends with a discussion of the conclusions.
Opportunistic Error Correction
Opportunistic error correction is based on fountain codes. There are several kinds of fountain codes, e.g. Luby Transform (LT) codes [22] , Raptor codes [23] , Online codes [24] . Opportunistic error correction is compatible with any kind of fountain code.
Fountain Codes
With fountain codes, the transmitter can generate a potentially limitless supply of fountain-encoded packets. Each fountain-encoded packet is a bitwise summation (i.e. exclusive-or-ing) of a random set of source packets [17] . Not only the selection of source packets is random, but also the number of the selected source packets is random. The receiver can reconstruct the original file by collecting enough fountain-encoded packets. The number of packets required in the receiver is slightly larger than the number of source packets
where  is the percentage of extra packets and is called the overhead.
The mathematical principle behind fountain decoding is to solve K unknown parameters from N linear equations. It can in principle be solved by Gaussian elimination but this has a high complexity. Therefore, the message-passing algorithm [25] is usually chosen to decode fountain codes. The message-passing algorithm has a linear computation cost [17] , but it requires a large  for small block size. For example, the practical overhead of LT codes is 14% when K = 2000, which limits its application in the practical system [19] . By combining message-passing algorithm with Gaussian elimination, the overhead of LT codes is reduced to 3% when K ≥ 500 [19] .
With only fountain codes, we can not have opportunis-tic error correction for wireless systems. Fountain codes are designed for erasure channels over which the receiver either receive the packet without error or does not receive it at all. A wireless channel is not an erasure channel but a noisy fading channel, so good error correction codes should be used to make noisy channels behave like an erasure channel. Most of the time, the error correction code performs perfectly; occasionally, the decoder fails, and reports that it has failed, so the receiver knows the whole packet has been lost [17] .
Transmission Schemes
Fountain codes can be applied to wireless channels, if they are combined with good error correction codes. The performance of this combination depends on how a packet is transmitted. There are two schemes to transmit a fountain-encoded packet:  Scheme I is to transmit a packet over all the sub-carriers.  Scheme II is to transmit a packet over a single subcarrier.
In the case of WLAN, the transmission Scheme II is chosen. Because the WLAN system is mainly designed for the reception with Doppler frequency below 10 Hz (i.e. the pedestrian and indoor reception) [20] , the system can be designed in such a way that the time needed to transmit a packet is much smaller than the coherence time. That means the channel over a fountain-encoded packet can be modeled as a flat fading channel. In this case, it is possible to predict whether the received packet is decodable using the channel knowledge (i.e. SNR). Only the well received packets are processed. Correspondingly, the processing power can be reduced. Over a finite block length, Scheme I yields a smaller Bit Error Rate (BER) but a larger Packet-Error-Rate (PER) than Scheme II [26] . Fountain codes only need enough errorfree fountain-encoded packets to reconstruct the original file. Therefore, with fountain codes in the IEEE 802.11a system, Scheme II performs better (i.e. an SNR gain of 5 dB with QAM-16 modulation scheme) than Scheme I at the same code rate (i.e. R = 0.5) [26] .
However, the DVB system is different from the WLAN system. In DVB, the receivers are moving at different velocities (corresponding to different Doppler spreads). Also, the DVB system utilizes a large number of sub-carriers ranging between 1 k and 32 k to have high spectrum efficiency. The higher the spectrum efficiency, the more sensitive to Doppler spread. In this paper, we focus on the 8 k mode. To reduce the delay as much as possible, we make the fountain-encoded packet short such that it does not occupy the whole band-width with the transmission Scheme I. Due to Doppler spread, the channel over a packet is not a flat-fading channel regardless with Scheme I or with Scheme II. Which one to choose depends on the following:  During the transmission of a packet, the channel should be as flat as possible.  During the transmission of a packet, the dynamic range D of the channel should not be affected by the variation of Doppler spread. Figure 1 shows the difference in between the use of the transmission Schemes I and II. Obviously, Scheme II is more sensitive to the variation of Doppler Frequency (DF) than Scheme I. With Scheme I, around 80% of packets can be transmitted over a channel with D ≤ 5 dB as DF varies from 10 to 70 Hz. With Scheme II, D increases with DF. When DF = 10 Hz, only 10% packets can be transmitted over the channel with D ≤ 5 dB; however, the percentage is decreased to around 3% for DF = 20 dB. For DF ≥ 30 Hz, almost all the packets have to be transmitted over a channel with D > 5 dB. Therefore, we choose Scheme I to transmit a fountain-encoded packet in the DVB system. 
Opportunistic Error Correction
Opportunistic error correction is based on fountain codes and good error correction codes. In this paper, we employ LT codes as fountain codes and LDPC [27] plus Cyclic Redundancy Check (CRC) [28] to make the wireless channel behave like an erasure channel. To reduce the overhead of LT codes for small K, we use the message-passing algorithm with Gaussian elimination to decode the LT codes. Our FEC encoding scheme is performed in the following order: K source packets are encoded by LT codes first. To each fountain-encoded packet, a CRC is first added and the resulting packet is encoded by a LDPC code. Each packet is transmitted in a single sub-band. It is a cross-coding scheme over all the sub-bands, as source data is first encoded jointly over all the sub-bands by LT codes then encoded separately over a single subband by LDPC plus CRC codes. That is different from the FEC layer in the DVB standards, which is based on the joint coding scheme over all the sub-bands.
At the receiver, each fountain-encoded packet is first LDPC decoded when the SNR of its sub-band is equal to or higher than the threshold. The received packet is discarded if its energy is below the threshold. If LDPC decoding fails, the packet is discarded as well. If LDPC decoding succeeds, CRC is used to identify whether there are undetected errors from LDPC codes. If CRC decoding fails, the receiver also assumes that the whole packet has been lost. Once the receiver collects N surviving fountain-encoded packets, it starts to recover source data.
System Model
The opportunistic error correction scheme has been explained in the above section. The proposed approach can be applied in any OFDM-based DVB system. In this paper, the SISO DVB-T2 system is taken as an example of DVB systems.
The FEC layer in the current DVB-T2 system is based on LDPC codes and BCH codes. The concatenated LDPC-BCH codes assure a better protection than the FEC layer in the DVB-T system, which is based on convolutional and Reed-Solomon codes [5] . To reduce burst bit errors, interleaving is employed after the LDPC-BCH encoder in the DVB-T2 system. As mentioned earlier, the encoded packet is transmitted over all the sub-bands. Although this solution works well in practical systems, it is not optimal. Because it cannot be beforehand predicted whether the received packet is decodable even with a perfect channel knowledge. Packets that have encountered a low-energy channel are still processed by the decoders. That can waste processing power. Also, the performance of this joint-coding approach is limited to the sub-bands with low energy, as it treats each part of the channel equally important.
In Figure 2 , the proposed opportunistic error correction scheme is depicted. The key idea is to generate additional packets by fountain encoding. First, source packets are encoded by the fountain encoder. Then, a CRC checksum is added to each fountain-encoded packet and LDPC encoding is applied afterwards. On each sub-band, a packet is transmitted. Thus, multiple packets are transmitted simultaneously, using frequency division multiplexing. With this method, interleaving is not required.
At the receiver side, we assume that synchronization is perfect. A dynamic estimation of the channel is necessary after the demodulation of OFDM signals, as the wideband mobile communication system transmits data over a time-variant frequency selective fading channel [1]. The channel estimation in the DVB system is based on a set of scattered pilots inserted into each OFDM symbol (i.e. the comb-type pilot). In total, there are 8 types of pilot patterns defined in the DVB-T2 standard [5] . In this paper, we utilize the PPI pattern to estimate the channel as shown in Figure 3 . The scattered pilots are estimated by the zero-forcing algorithm:
where   
 
, p H i k , the channel information of the data sub-carriers can be estimated by interpolation. Generally it is a two-dimensional interpolation problem but it can be separated into a one-dimensional interpolation in time and in frequency for a low-complexity system implementation [29] . There are several types of interpolation algorithms, e.g. linear interpolation, second order interpolation, low-pass interpolation [30] . In this paper, for the sake of simplicity, the linear interpolation is used in the time domain and the low-pass interpolation is employed for the frequency domain.
In the time domain, the channel information at the data-carrier of the i-th OFDM, , is estimated by [30] : H i k , the low-pass interpolation is performed in the frequency domain by inserting zeros into the original sequence. Then, a low-pass FIR filter is applied to minimize the meansquare error between the interpolated points and their ideal values [30] . So, the channel information of the data sub-carrier at the OFDM symbol is estimated by:
process all the fountain-encoded packets with the non-
Performance Comparison
mance of opportunurst is enco (4) where is the coefficient of the low-pass filter.
l With the channel knowledge, the receiver can decide whether the received packet should be processed. If the SNR of the sub-band is equal to or above the threshold, the received packet will go through the LDPC decoding otherwise it will be discarded. This means that the receiver do not process all the packets but only the wellreceived packets. Correspondingly, the processing power is reduced. If the channel is perfectly estimated, this can be done. However, the channel estimation is based on interpolation with limited accuracy. In such a case, the receiver can hardly predict correctly whether the received packet is decodable with a high probability. That degrades its performance. To avoid this, the receiver will perfect channel estimation. The received packets can only survive if they pass LDPC decoding and CRC decoding successfully. When the receiver has collected enough fountain-encoded packets, it starts to recover the source data by using the message-passing algorithm and Gaussian elimination together.
C
In this section, we analyze the perfor istic error correction in the OFDM-based DVB system. The DVB-T2 system is taken as an example of OFDMbased DVB systems, as the LDPC-BCH codes in the DVB-T2 standard work better than the convolutional and Reed Solomon codes in other OFDM-based DVB systems. We compare opportunistic error correction with the FEC scheme from the DVB-T2 standard in the simulation. There are two main differences between both FEC schemes. First, the proposed FEC scheme is a cross coding scheme over the sub-bands, while the DVB-T2 FEC scheme is a joint coding scheme over all the sub-bands. Second, the proposed cross coding scheme does not require interleaving, but the DVB-T2 FEC scheme does need interleaving to avoid burst errors. For each simulation point, we transmit more than 1000 bursts of data (i.e. around 100 million bits) over a 8 MHz TU6 channel with a certain DF. Each burst consists of 512 source packets with a length of 168 bits. With the same data rate of 9.5 Mbits/s (i.e. QAM-16 modulation with code rate R = 0.434), a source file is encoded by opportunistic error correction and the LDPC-BCH code from the DVB-T2 standard, respectively. Then, the bits encoded by the DVB-T2 FEC scheme are interleaved according to the DVB-T2 standard [5] . Afterwards, they are mapped into QAM-16 symbols before OFDM modulation.
With opportunistic error correction, each b ded by a LT code (with parameter 0.03, 0.3 c    ) and decoded by the message-passing d Gaussian elimination together. Only 3% overhead is required to reconstruct the original data successfully [19] . To each fountain-encoded packet, a 7-bit CRC is added before the (175, 255) LDPC encoding is applied. Under the condition of the same code rate (i.e. R = 0.434), we are allowed to discard around 32% of the packets 2 . With the FEC layer defined in the DVB-T2 stan algorithm an dard, source bits are first encoded by the (7032, 7200) BCH code then by the (7200, 16200) LDPC code. To reduce burst bit errors, bits are interleaved and de-multiplexed into cells afterwards [5] . The DVB-T2 system is designed to provide a "Quasi Error Free" (QEF) quality target [5] . The definition of QEF adopted for DVB-T2 is ) before the de-multiplexer which is equivalent to BER < 10 −7 after LDPC decoding [5] . To keep simulation times reasonable, we choose a BER of 10 −4 after LDPC decoding as the comparison criterion, which corresponds to approximately a BER of 10 −7 after BCH decoding [31] . As stated earlier, the interpolation-based channel estim
With Perfect Channel Knowledge
as a perfect ation mentioned in section III is not optimal, but it is employed by the practical DVB systems due to its low implementation complexity. To show how robust both FEC layers are to the channel estimation errors, they are compared in two situations: with perfect channel knowledge and with non-perfect channel knowledge.
In this case, we assume that the receiver h knowledge of the channel. As shown in Figure 1 , the dynamic range of sub-bands based on the transmission method I is not affected by Doppler spread. In other words, the BER performance does not change with Doppler frequency as revealed in the simulation. Figure 4 shows the simulation results over the TU6 channel. Obviously, our opportunistic error correction scheme performs much better than the FEC layer in the DVB-T2 standard. To reach a BER of 10 −7 after BCH decoding (i.e. a BER of 10 −4 after LDPC decoding), the current DVB-T2 system should have a SNR of at least 28 dB at a data rate of 9.5 Mbits/s. With our opportunistic error correction method, the proposed DVB-T2 system has error free when SNR = 18 dB. That means our method gains a SNR of more than 10 dB at a data rate of 9.5 Mbits/s for a BER of 10 However, if we compare them under the QEF criterion, opportunistic e ro r r correction will gain a SNR of at least 14 dB with respect to the FEC layer in the DVB-T2 standard (i.e. a BER of 10 −7 after LDPC decoding).
With Non-Perfect Channel Knowledge
In this part, we investigate the side-effect of the ch estimation error to both FEC schemes. As described in Section 3, the channel estimation in the DVB system is based on scattered pilot sub-carriers. The estimation accuracy of the pilot sub-carries directly affects the estimation of the data sub-carriers. In a frequency selective channel, it is very likely that some pilot sub-carriers will suffer deep fading. With the zero-forcing algorithm, this results in a huge estimation error that directly influences the channel estimation of data sub-carriers. In order to see the penalty of the noise on the pilot sub-carriers for both FEC schemes, we compare them over the TU6 channel without noise and with noise, separately. 1) Noiseless Channel: In this case, pilot sub-carriers are perfectly estimated and data sub-carriers are estimated by the interpolation algorithm as depicted in Section 3. Figure 5 shows the simulation results. Obviously, the BER performance degrades when DF increases. Opportunistic error correction is error free till DF = 40 Hz but that does not happen in the DVB-T2 FEC layer. When DF = 50 Hz, opportunistic error correction has higher BER than the FEC layer from the DVB-T2 standard. That is because opportunistic error correction does not have enough error-free packets to reconstruct the original file. Since there is no feed-back channel in the DVB systems, in this case the receiver either cannot recover source data or use some packets in error 3 to reconstruct the original file. In our simulation, we choose the second option. If the fountain decoder utilizes packets in error, bit errors will propagate during the decoding. This is the disadvantage of using fountain codes as a FEC scheme without a feedback channel. However, the BER of the LDPC code from the DVB-T2 standard is 1.14 × 10 −3 at DF = 50 Hz and is also not acceptable. Only when DF 20  Hz, the current DVB-T2 system has a BER less than 4 
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 after LDPC decoding. Furthermore, it is impossible for the current DVB-T2 system to achieve the QEF target with the interpolation-based channel estimation at a data rate of 9.5 Mbits/s. But, opportunistic error correction can offer us the QEF quality using this low-accurate and lowcomplexity channel estimation algorithm. Therefore, we conclude that opportunistic error correction works better than the DVB-T2 FEC layer in the noiseless TU6 channel with the non-perfect channel knowledge. es suffer from inaccuracies caused both by imperfect interpolation and by the presence of noise on the pilot cells. Figure 6 shows the practical performance of opportunistic error correction over a TU6 channel at DF ≤ 40 Hz. As we can see, opportunistic error correction still provides us the error-free quality even with the nonperfect estimation in the pilot cells. Larger DF requires higher SNR to achieve BER = 0. When DF 30  Hz, there is 1 dB SNR loss as DF increases by n the case of DF increase from 30 Hz to 40 Hz, there is a 7 dB SNR loss. A more accurate channel estimation algorithm is required for OFDM-based DVB systems when DF > 30 Hz.
As ju Hz at a data rate of 9.5 Mbits/s. It has a 2 dB SNR loss as the DF increases by 10 Hz which is twice as the opportunistic error correction. Furthermore, opportunistic error correction gains a SNR of more than 11 dB for DF = 10 Hz and more than 12 dB for DF = 20 Hz over a noisy TU6 channel with the non-perfect channel estimation. Sim e 7. To a PC = 1 ror correction wins the DVB-T2 FEC scheme with a significant gain. The reason behind is as follows. Due to the variation of the channel, a burst data encounters several channels with different fading patterns. In total, opportunistic error correction allows 32% packets to be d results in more than 32% packet loss, fountain codes still can compensate this loss from other channels that has less than 32% packet loss, and thus recover source data correctly. However, this does not occur to the DVB-T2 FEC scheme. The performance of error correction codes depends not only on the AWGN noise level but also on the channel fading. Because of the randomness of the channel, there is a significant probability that the channel is in a "bad fading condition" that the joint coding scheme from DVB-T2 could not decode them successfully, which cannot be compensated. That explains why the proposed coding scheme outperforms the DVB-T2 FEC scheme and why the BER curve for the DVB-T2 FEC scheme does not decay quickly.
In this paper, we pro based on fountain codes for OFDM-based DVB systems. It is called opportunistic error correction because the receiver is allowed to discard packets. By transmitting a fountain-encoded packet over a single sub-band, the receiver does not have to take care of all the sub-bands (i.e. all the received packets) but only the sub-bands with high energy (i.e. the packets with high SNR). Fountain codes can reconstruct the original file by only using surviving packets. Just like the water-filling algorithm, we increase the data rate over stronger sub-bands by sacrificing the weak ones. In such a case, the total data rate over a frequency selective fading channel can be increased. Equivalently, given a certain data rate, opportunistic error correction endures higher noise floor (i.e. lower SNR) than the joint coding scheme. With perfect channel knowledge, opportunistic error correction has a SNR gain of at least 10 dB in comparison to the FEC layer from the DVB-T2 standard at a data rate of 9.5 Mbits/s.
In addition, opportunistic error correction survives in th 6. Acknowledgements e Dutch Ministry of Eco-
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